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THE PHYSICS OF RELIABILITY OF FUTURE ELECTRONIC DEVICES

L. SUMMARY OF THE RESEARCH PROGRAM

Interfaces between dissimilar materials have become an important part of
y modern electronic devices, particularly in the area of microelectronics, where
¥ materials such as semiconductors, metals and insulators are combined in order to
use their unique properties and to achieve the high performance and small
dimensions required in modern technology. The devices that will be important
in the next decade are classified into several dominant technologies: silicon

(MOS, IZL, and bipolar), magnetic films and sensors, and superconducting films.
Reliability problems in microminiature devices, such as those anticipated for
the next decade, are frequently due to interface reactions, surface defects in
the semiconductor, surface and grain boundary reactions, charging or breakdown
in insulating films, and registration errors in lithography. The overall
objective of our present work is to investigate the fundamental properties of
interfaces between dissimilar materials that may influence the performance of
future electronic devices, and to provide a scientific understanding of relia-
bility problems associated with material interfaces in present devices. We
concentrated on generic problems, both present and anticipated, for which an
adequate scientific basis was lacking; short term problems pecular to any one
specific device were not emphasized. The program, which was funded under ARPA
Contract Nos. F19628-73-C-0006 and F19628-74-C-0077 for thirty-six months, was
largely concerned with fundamental problems in MOS and bipolar silicon devices,
although a few types of bipolar switches found in amorphous materials were
investigated.

II. SIGNIFICANT RELIABILITY PROBLEMS

The significant reliability problems found in silicon devices, which will
comprise the major technology for the next decade, can be grouped into a few
general areas.

A. Local Defects in the Silicon Surface

1. Surface defects in silicon material cause a reduction both in
reliability and in device process yield.

a. Even a small defect density can cause problems in dense,
large area chips.

b. Dislocations, diffusion pipes, and precipitates can cause
a long term degradation.

2. Serious defects can be introduced during processing steps.

a. Heavy local diffusion or ion implantati-n produces defects.
b. Thick oxide layers (oxide isolation) or sther insulator
layers cause surface stresses and defects,




B. Charging and Breakdown in Dielectric Films

1. Dielectric breakdown is a continuing problem, particularly in
the thin (NZOOX) gate insulator in MOS devices being developed.

a. Initial failure due to defects in the Si0..
b. Time delayed breakdown, which may be relaged to interdiffusion
of material.

2. A long-term buildup of charge in an insulating layer is caused by
the injection of hot carriers into insulator where they are trapped.

C. Packaging and Corrosion

1. Metal film corrosion due to trace amounts of S of HZO gas is
significant.

2. Electromigration in thin metal films will be a continuing problem
in fine line LSI logic circuitry.

D. Lithography

1. Mask registration and defects are a cause of both immediate
and long term faiiure of LSI devices.

2. New technologies involving X-ray or electron beam photoresist
exposure produce radiation damage.

E. Degradation of Contact Interfaces

l. Most of the Schottky Barriers involved in LSI silicon technol-
ogy are subject to degradation due to interdiffusion of
materials.

2. Small changes in the gate contact barrier of MOS devices causes
both immediate and long term problems in newer technol-
ogies using thin gate insulators.

III. ACCOMPLISHMENTS OF THE PROGRAM - Several significant reliability problems

were studied in order to provide a practical and scientific basis for handling

the problems. Our work was successful in developing new methods of characterization
and measurement; in formulating models of failure mechanisms; and in better char-
acterizing materials, particularly insulators. The more significant results of

the program are outlined.

A. Local Defects on Silicon Surfaces

l. A new type of scanned surface photovoltage measuremert has been
developed which will non-destructively detect and image surface
defects in silicon at various stages of processing.

a. The photovoltage system has been applied successfully to the
evaluation of silicon starting material.

b. The resolution has been increased to about 0.8 micron, on the
basis of a theoretical understanding which we developed.
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2.

The scanned internal photoemission technique has been developed
and used to find and determine the influence of local sodium and

phosphorus deposits on the Si-SiO2 interface.

B. Dielectric Breakdown in Thin Insulating Films

1‘

A complete model was formulated to describe the procsss cf dielectric
breakdown in S10, thin films. This model is the firest to describe
consistently all of the available data.

a. The model predicts a signifi:ant increase in dielcctric strength
for films less than 300A thick.

b. Dielectric breakdown induced by a small amount of ionizing
radiation was found and explained in terms of the theory.

The uniformity and dielectric properties of thin $10, films
were improved by compaction of the film with a carefiil, cecatrolled
amount of ion irradiation, with a subsequent anneal steg.

The electronic structures of S:I.O2 and Si3N4, pleced together

on the basis of ESCA, photoemission, and reflectivity measurements,
provide a basis for understanding dielectric breakdown and other
events in these materials.

C. Fundamentals and Degradation «f the MNOS Transistor

1.‘

2‘

The energy level responsible for charge or information storage

was measured for the first time with the newly developed technique
of photocapacitance spectroscopy.

Both the S:l3N4 and the SiO2 have been characterized by several

optical and photoemission techniques.

A type of degradation of MNOS structures, observed directly

by the scanned surface photovoltage technique, appears to be due
to a buildup of nonlocal charge in the double insulator.

D. Schottky Barriers on Silicon

1‘

A class of metals was found which will decompose a thin layer of
510, on silicon at high temperatures to form a silicon-silicide
Schottky barrier.

a. A new technique of using an ion implanted Xe marker was used
to study interdiffusion at the interface.

b. Metals with a high heat of formation for both the silicide
and the oxide phase were found to decompose SiO, at low
temperatures. Integrated circuits using these metals are
expected to exhibit long term failure.

E. Interface Polarizationr uand Degradation

1‘

The interdiffusion of a metal into Si0, was studied by the new
technique of field dependent photoemission. The resulting
polarization layer can shift the operating point of an HOS device
by several tenths of a volt over the life of the device (for
particular gate metallizations such as gold, platinum, and others).

3
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2. A small amount of hydrogen was found to produce an atomic polarization
layer between SiO2 and a catalytic metal such as platinum of palladium,

This layer can shift the operating point of an MOS transistor by as
much as 0.5 volt for certain gate metals. However, aluminum gates
were found to be insensitive to hydrogen.

F. Metal - Glass Interaction

1. Phosphorus, a common dopant in glass, was found to crystallize glass
at temperatures below those used in device processing. This reaction
can cause a serious mode of failure in MOS circuits in which phos-
phorus is used to dope the S:I.O2 gate insulator.

2. The adhesion between certain metals and glass was found to be
greatly enhanced by the addition of a small amount of free gilicon
to the metal. This allows the use of gold on S10,, a combination
which is normally not used because of poor adhesion.

e e T s e ———



I1I. DIELECTRIC INSTABILITY AND BREAKDOWN IN Sio2 THIN FILMS*
by
T. H. DiStefano
IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598
and
M. Shatzkes
IBM System Products Division

Hopewell Juncticn, New York 12533

ABSTRACT

Dielectric instability and breakdown in Sio2 have been well character-
ized by many experimental techniques, including measurements of thickness
dependence, contact barrier dependence, and time dependence of breakdown
as well as determination of radiation sensitivity and pre-breakdown charge
buildup within the insulator. All of the various types of data can be
explained consistently by an impact ionization model which predicts a
negative resistance type of instability; electrons are injected from the
cathode, the electron distributicn is heated, hot electrons ionize the
lattice, and the residual positive charge distorts the electric field to
further increase impact ionization. The model is sensitive to two key
parameters, the ionization bandgap Eg and the electron-phonon scattering

length A.

* Work supported in part Ly the Defense Advance Research Proiects Agency

and monitored by AFCRL under Contract No. F19628-74-C-0077.
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X, INTRODUCTION

Although dielectric breakdown has been studied extensively for several
decadeslq4, the events which occur during the incipient breakdown process
in insulators are not completely understood. In the developiment of semicon-
ductor technology, dielectric ingtability and breakdown in insulators such
as Si02 have become increasingly significant in limiting both performance
and reliability. Because of the importance of insulating thin films of SiO2
in the integrated circuit industry, and because of the new information avail-
abel on the properties of this material, it is fruitful to reexamine the
physical processes which occur at high electric fields in order to gain
insight into the possible intrinsic breakdown mechanisms. Reliable data is
available on the dependence of breakdown upon insulator thicknecs, electrcde
work function,5 and ionizing radiation6 as well as on several material para-
meters of Si02 including ionization rate,7 effective hole mobility,8 and

recombination cross section.9 The problem of sorting out the details of the

breakdown process in SiO_ is considerably easier than in the traditional

2
alkali halides due to the higher development of materials technology as

well as the wealth of data on electronic properties which has hecome avail-

able for Si02. The fundamental phennmena which occur during intrinsic

dielectric breakdown in thin films of SiO_ can be explain=d and understood

2

in a way that is consistent with all available data.
Historically, dielectric breakdown in insulators was first seen as an

2% 8, 1018 in which the field is high enough

electronlic avalanche process,
that one initial electron produces a destructively large cascade of ioniz-

ing events. The avalanche theories were able to explain the relatively
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meager data " vailable at the time, largely on the breakdown strength of
alkali halide crystals. However, the significance of the phenomencn of
field distortion14 during breakdown was not appreciated until the proposal
of a model by O'Dwyer who included the effect of the hole charge produced
during the initial stages of an afalanchels. O'Dwyer was able to predict

a negative resistance type of instabilityls'16

in which electrons are
injected fxnm a cathcde electrode by a field enhanced process, a portion of
the electrons »- accelerated sufficiently to produce impart ionization, and
the slow moving ho. s left behind cause an enhancement of the cathode field
which leads to an increased injection current, and sc on, ad infinitum.

The negative resistance in this model results from the nonlocal feedback.
produced by the drift of holes to the cathode. The O'Dwyer model resolves
several deficiencies of the simple avalanche theories in that it explains
why a low rate of avalanche multiplication is measured in insulators7'l7’18
near the breakdown field and it predicts a negative resistance type of
instability which is impossible in a simple avalanche model. Further refine-

mentslg'20

in the O'Dwyer model were made to account for the local details
in the initial stages of breakdown. The O'Dwyer model characterizes break-
down quite well in semiconductors and in selected insulators, but it cannot

be applied directly to insulators such as SiO, in which hole mobility is

2
extremely sm111;7'8 holes produced by impact ionization in 5102 are removed
predominantly by recombination in the insulator leading to dielectric
breakdown.

21
We have proposed and explored a simple model based on impact ioni-

zation and field distortion that is appropriate to describe breakdown in




sioz, in which holes f~re relatively immobile., All of the physically signi- |
ficant proceu.:es are shown schematically in Fig. 1. Electrons are irjected
by field enhanced emission from a cathode, accelerated in the electric
field, and scattered by phonon emissiuvn. A small fraction of these elec-
trons create hole-electron pairs when they reach the ionization energy at H
approximately twice the bandgap Eg = 9.0 eV23, leaving behind a cloud of

relatively slow moving positive charge.24 Holes are removed largely by

recombination, with hole drift apparently playing only a minor role in the
breakdown event. The net positive charge cloud leads to a larger current

of more energetic electrons. As result, a negative resistance instability

develops; in this case a position dependent ionization rate is necessary
to provide the nonlocal feedback essential for negative resistance., The

two principal differences between the proposed theory and that of O'Dwyer24

e e e T ALt D PR S B Sr

are the dominance of recombination in removing holes from the charge cloud
and the inclusion of a non-local rate of impact ionization. Although phys-
ical reality lies somewhere between the two extremes of hole annihilation
by recombination and removal by drift, we find that the model based on
recombination best describes the breakdown process in Sioz. The impact

21:22'25, based on the most recent experimen-

ionization-recombination model
tally determined material parameters, is able to explain thickness, elec-
trode, and radiation dependence of dielectic breakdown in thin films of SiOz.
The model is sensitive to only two key parameters, the bandgap of the insu-

lator and the electron-phonon scattering length. Hole mobility is found to

be an insignificant factor in the calculated dielectric strength for mobil- '

ities less than about 10_8 cmzfv—sec.

. ’ T — -
B e e e O B 2T Tttt b e B 4
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II. IMPACY IONIZATION - RECOMBINATION MODEL

A model calculation based on steady s#ixte impact ionization and
recombination is used to determine the J-V characteristic of a thin film of
SiOz. Dielectric breakdown occurs at the critical point at the onset of
negative resistance, where dv/dJ =0. Electron current is injected from the
cathode electrode into the 8102 by the strongly field dependent process of
Fowler-Nordheim tunneling.26 The injected electrons gain energy from the
field and lose it to the lattice, primarily by phonon emission. In devel-
oping a nonlocal rate of impact ionization, it is assumed that a one dimen-
sional projection of the electron-phonon scattering events is a foisson
process in which the probability of emitting a phonon is (1/A) per unit
length in the X direction. The A in this model is assumed to be energy
independent.27 In each phonon emission event, the electron loses a quan-
tum of energy which is assumed to be that of an LO phonon for which huw =
.153 eV.28

Based on the Poisson model, the electron energy distribution is found

as a function of distance from the cathode. This distribution is then

obtained in terms of a single adjustable parameter A. The probability that

a given electron will have energy € = -nRw as it passes the point x is P,
where
Bleng) m o [ T
' (-e/Fw) 1 \A ¢

By the central limit theorem, the energy distribution is approximately a

Gaussian,

2
(1/hw) [ (Rwx/A) -€) ] .
D(e,x) e aXD) =
(2% (x/A)11/2 (ﬁw)z(zx/k)

e TR
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We allow the electron to ionize the lattice as soon as it attains an energy

of ey above the conduction band bottom; the rate of impact ionization is

then 0

= T — D(e,x)de, ‘

i ¢(x)+ei

where ¢ (x) is the energy at the bottom of the conduction band. 1In equilsi-

brium, the rate of generation of holes equals that for hole recombination,

0
Bp+ Jdp

+
21 = e—-j o(e)D(e,x)de ,
r ¢ (x)

where o(e) is the recombination cross section. The equilibrium charge

density is independent of the injected current J,

0
e ]
p+ = <> E/ D(elx)de /)
¢(x)+ei

where <0> is the weighted average recombination cross section. The poten-
tial ¢(x) is then found oy a double numerical integration of Poisson's
equation with an initial cathode field (or injected current) as a boundary
condition.

The material parameters used in the calculation for SiO2 are the pho-

non energy KAw = .153eV, ¢ = 3.8, and the bandgap23 eg = 9eV. There is con-

siderable range of recombination cross sectionzg-33 found in SiOZ; the .
most recent evidence33 indicates that a coulomb capture cross section is
reasonable for the case of electron recombination with a trapped hole. The

. \ 34
model calculations were based on a cross section,

10
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which is 2.5 x 10 cm  at the electron saturation velocity in SiO_.

2

This o(e), which is considerably larger than the direct radiative cross
section used by the authors in a previous calculation,22 provides a better
fit to the available experimental data. A further refinement in Lhe esti-
mate of o(e), to account for the effect of the electric field upon coulomb
capture, may allow an even better fit. Fortunately, the model calculation
is quite insensitive to details of the recombination coefficient, so that

the predicted breakdown behavior is little influenced by the choice of

capture cross section.

The electron-phonon scattering length A is a critical parameter of
the model; the calculated dielectic strength varies inversely with small
changes in A.22 The value A = 1.74R was chosen to fix the calculated break-
down voltage to Vb = 92.5 V for a 1000 R thick film, in agreement with the
available experimental dc:\ta.35-'39 Then, the voltage at which dielectric

breakdown takes place for a given thickness of Sio2 is found from the cri-

tical point at which dv/dJ=0.

III. RESULTS
The ionization-recombination model was used to calculate J-V relation-
ships and dielectric strength for a range of film thickness and contact
barriers. The results for A = 1.74 ; are compared with the experimental

data presently available. Also, the results of an O'Dwyer type of model

11



calculation are given for a reasonable choice of parameters;40 the mobility
product u H_ was set to fix the breakdown voltage V10 = 92.5V at 1000 ;.
The thickness dependence of the measured dielectric strength is shown in
Fig. 2, along with that calculated on the basis of our ionization-recombi-
nation model (solid curve) and O'Dwyer's model (dashed curve). The sharp

6,38 for thickness

rise in the experimentally determined breakdown strength3
below 400 R is well explained by the ionization-recombination model. The
reason for this increase is the nonlocal ionization rate necessary in the
ionization-recombination model; no ionizatibn is possible for a region
within xo = (ei + ¢)/E of the cathode. Since our model predicts no intrin-
sic breakdown for voltag;s less than (ei + ¢) or V12 volts, the dielectric
strength increases for small thickness as the breakdown voltage assympto-
tically approaches V12 V at an infinitesimally small thickness. On the
other hand, the O'Dwyer type of model shows only a logarithmic dependence
upon thickness, in part reflecting the use of a local ionization rate.
Presumably, the use of nonlocal ionization would introduce a stronger
thickness dependence into the model.

The experimentally determined breakdown strength5 shows no systematic
dependence upon the cathode contact barrier ¢ as seen in Fig. 3. Here,
the experimental uncertainty in each point is of the order of + 0.5 x 106 V/cm.
The calculated dielectric strength based on our ionization-recombination
model shows a very weak dependence on the barrier ¢, in agreement with the
general trend of the experimental findings. In contrast, the calculation

based on an O'Dwyer type of model show: a strong dependence on ¢ at the

injecting contact. This difference in the barrier depeidence of the two

12
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theories results directly from the mechanism of clearing holes from the
insulator. Based on the data available, it seems that recombination is the
dominant mechanism in Sioz. More definitive measurements of the barrier

height dependence should enable a better determination of the role of hole

. mobility in the breakdown process.
Although electron--hole recombination appears to be the dominant mecha-

nism of clearing holes from the SiO,, hole motion may play a part in the

2

o

breakdown process. In order to determine the influence of hole motion on

our ionization-recombination model, the calculation was extended to ailow |
holes to drift toward the cathode before recombining with injected elec-
(-]

trons4l. The nonlocal ionization rate was maintained, with A = 1.74 A. The ]

rasults, shown in Fig. 4, show that dielectric strength is relatively unaf-

fected by hole mobility up to '\410_8 cmz/V-sec. For the range of hole mobil-
ity reported7'8 for SiOz, the breakdown process and dielectric strength are
little influenced by hole motion.

Based on the ionization-recombination model of the breakdown process
in Si02, we would expect a stable charge cloud to form at fields below that
at which breakdown takes place. Recently Shatzkes and A.v-ron42 have been
able to measure this charge Q and its centroid X; they used a combination
of field emission and C-V measurements, performed at low field, to determine
the remnant charge left from a previous high field pulse. The results are
shown in Figures 5 =z r SiO2 films of thickness 263 A and 493 A, The

s charge Q and centroid X calculated on the basis of the ionization-recom-

bination model for 1000 R of SiO, are shown as the solid curves in the two

2

figures. The reasonably good overall agreement with experiment indicates

13
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the existance of a stable charge cloud waich bshaves in a way predicted by

the ionization-recombination theory.

IV. DISCUSSION
The impact ionization-recombination model for dielectric breakdown

seem to be in reasonably good agreement with available data for SiO From

2°
the model, a picture can be formulated of the significant processes which
occur during breakdown. As shown in Fig. 7 the electrons are field emitted
into the Si02 from the cathode electrode. The hottest of the electrons
ionize the lattice, leaving behind slow moving holes. A cloud of positive
charge formed by ionization and recombination leads to an increased current
of hotter electrons. The result is that a negative resistance resistance
type of instability develops in which a local charge cloud leads to an
enhanced current. The small filament of current drains charge from the
capacitor in a destructive breakdown event.

A nonlocal ionization rate is an essential feature of any model of
dielectric breakdown in very thin insulating films. The influence of the
nonlocal ionization rate is manifested in the rapid increase of the break-
down field seen in 5102 as the film thickness is reduced below about 400 R.
It is hardly surprising that a nonlocal ionization rate is important in
films of a total thickness only several times greater than the distance
required to accelerate a free electron up to the ionization energy.

During the electronic breakdown process, the experimental evidence

indicates that recombination is the most important mode of removing holes

produced by impact ionization. Hole drift to the cathode plays a irelatively v

14




minor role in determining the conditions leading to dielectric breakdown.
One piece of experimental evideitce, the dependence of dielectric strength
on the cathode contact barrier, shows no systematic variation which would
he expected if drift were the dominant mechanism of clearing holes from the
insulator. Further, an impact jonization model calculation which includes
both hole recombination and hole drift shows no appreciable influence on
the dielectric strength for hole mobility u < 10-'8 cmz/v-sec. Although
hole mobility does not appea. to have a significant effect on dielectric
strength, it is thought to play a role in dielectric instability, partic-

ularly that induced by ionizing radiation of various sorts.

15
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& séé (fxom P. Solomon, ref. 7); and J (E) for

108 V/cm, b = 2.2 x 10
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product M H_ was determined by setting the breakdown voltage to

VS = 92.5 V at 1000 R film thickness.

Details of this calculation are to be published elsewhere.

M. Shatzkes and M. Av-ron, to be published.
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Figure 1.

The physically important processes which occur in a thin film
of Sio2 at a high electric field. Electrons are injected by a
field enhanced process at the cathode electrode. Hot electrons
produce holes which induce a distortion of the electric field.

Holes are removed predominantly by recombination and by drift

to the cathode.
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The total remnant charge density @ produced in the positive
charge cloud in SiO2 by a cathode field Ec' The solid curve

is the calculated charge density in the ionization-recombination
model with A = 174 R. The experimental points are from

Shatzkes and Av-ron (ref.42).
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III. PHOTOEMISSION AND PHOTOVOLTAIC IMAGING OF SEMICONDUCTOR SURFACES*

by

T. H, DiStefano

IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598

ArSTRACT: The new electro-optical techniques of scanned internal photo-
emission and scanned surface photovoltage can be used to obtain images of
non-uniformities and defects at semiconductor surfaces or interfaces, The
spatial resolution of either method is primarily determined by the wave-
length of the laser used as a collimated light source. The images obtained
by the photoemission technique are replicas of the local contact barrier at
the interface between two materials. Typically, photoemission images show
details due to variations of stoichiometry or local concentration of im-
purities. The photovoltage technique, on the other hand displays recombi-
nation centers such as precipitates, dislocation, stacking faults, cracks,
and gross damage near a semiconductor surface. Each of these electro-
optical imaging techniques provides information about interfaces that was

previously inaccessible to observation.

* Work supported in part by the Defence Advance Research Projects Agency

and monitored by AFCRL under contract number F 19628-74-C-0077.
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Introduction

Focused beams of various types of ionizing radiation have been used in
the pastl-20 to probe semiconductor surfaces and devices, generally in the
region near a p-n junction. The signal induced in a junction by a scanned
optical beam has been found to provide information:;-10 on resistivity
fluctuations in the material, on gross defects in the device, and on surface
irregularities or inversion layers near the junction. Generally, in this
type of measurement, a beam of electrons or photons is scanned across an
area of a semiconductor to produce hole-electron pairs in the material. An
irregularity in the material will produce a fluctuation in a sample current
of some sort detected when the beam scans across the defect. 1In the stan-
dard configuration, a p-n junction collects current produced within a
diffusion length of the junction. Any change in either the generation or
recombination rate near the junction is detected as a fluctuation of the
collected current. The beam induced current is displayed on a rastered CRT
to produce an image of the defects and inhomogenities. Imaging techniques

of the electron beam induced currentll_zo (EBIC) or photon induced current

type4- 0 are useful in identifying defects in individual semiconductor de-
vices, but they cannot easily be applied to the study of semiconductor
surfaces or interfaces on which no p-n junction exists. The necessity of
using a p-n junction to collect the beam induced current makes non-destructive
evaluation of material surfaces at various stages of prbcessing virtually
impossible by the beam induced current techniques.

Recently, several scanned beam techniques, including scanned internal

21-24 25,26

photemission (S1P), scanned surface photovoltage (SSP) , and the
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2428 have been developed to probe free

corresponding electron beam analogs
semiconductor surfaces. These new techniques provide images of defects
near surfaces or interfaces without the necessity of a p-n junction to
detect the signal current. As a result, they can be used to examine non-
destructively the defects which occur on semiconductors at various stages
of material processsing. Each of the techniques has characteristic advan-
tages and capabilities. The e~beam techniques provide the best resolution,
better than about 1000 ;,27 but they are complicated by beam induced
charging of any insulating film on the surface.28 On the other hand, the
optical techniques have a resolution capability of on the order of one
micron, but they do not charge the surface insulating or passivating film.
Hence, the optical techniques can also be used to examine charge non-uni-
formity in the insulating film on the surface without disturbing the system.
Additionally, the optical scanning apparatus can be made to be cleaner than
existing e-beam systems because it does not require a complex vacuum system.
Of the optical techniques, SIP determines small inhomogeneities in the
contact barrier ¢ between two materials, one of which is typically an
insulator such as SiOz. The SIP technique is useful in imaging changes in
$ which are due to contamination, interface chemical reaction, impurity
segregation at the interface, or surface crystallographic defects. In con-
trast, the SSP technique is sensitive to local recombination centers that
are within about one micron of the surface and to charge inhomogeneities in
the insultating overlayer. Typical reccrbination centers seen in SSP

images include crystallographic defects, precipitates, and gross surface

damage; these defects are usually introduced during growth, cutting,
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polishing, and high temperature processing of the semiconductor material.
The SSP technique has a unique advantage in that no direct contact to the
sample is required if the photovoltage measurement is made by capacitive

coupling. Since physical contact is unnecessary, the SSP technique is

clean and completely non-destructive.

Optical Scanning System

The instrumentation for the two scanned optical techniques is quite
similar in that a small spot is rastered on the sample surface while a
signal, either photoemission or photovoltage, is detected and displayed on
a CRT. A cw laser is used for the light source in order to obtain a
measureable signal from a small, nearly diffraction limited light spot.
Reasonable signals were obtained with 1.0 m¥ of light incident on the sam-
p-e, without any noticeable thermal damage to the sample at the 105 W/cm2
P-wer density at the focused spot. The spot was swept by the sawtooth
motion of a galvanometer driven mirror, which was scanned at a 20 Hz rate.
In the other direction, the keam was swept slowly in order to complete a
600 line single frame in 30 seconds. The frame rate, which is limited by
the rate of the fast scan mirror, could easily be increased an order of
magnitude by increasing the fast scan rate to 200 Hz. A further increase,
at the expense of a reduced spacial resolution, could be obtained with an
accoustic deflection system for the fast scan direction. The total resolu-
tion capability of the optical scanning technique is limited by three
equally important factors: the divergence of the light output from the

laser, the diffraction limit of the objective lens, and the bandwidth of
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of the detector. At best, the spacial resolution {of the SIP measurement)
is estimated to be about 0.43 microns, with the dominant factors being lens
diffraction at A = 3250 ; and laser divergence.

The simple optical system shown in Fig. 1 was used to scan a light
spot over a square area of the sample surface. Radiation from a laser
source was focused onto a 50 micron pinhole in order to eliminate the light
that diverged by more than 0.5 mrad. The laser source was chosen to be
either an RCA He-Cd laser operating with 3mW at 3250 ; or a Spectra Physics
He-Ne laser with 5 mW at 6328 ;. Light emergent from the pinhole was pro-
jected a distance of one meter onto a series of two front surface mirrors,
which rotate through angles 0 and ¢. Light from the two scanned mirrors
completely filled the aperture of the objective lens for the full range of
the scanned angles. Then, the focused spot of light from the objective
lens scanned an area of the sample as the two orthogonal mirrors were ro-
tated. The size of the scanned area, and to some extent, the resolution
of the system, were determined by the objective lens. The focal length of
the lenses used in the measurements range from 0.54 cm to 20 cm. Reflecting
objective lenses were used for the high resolution measurements so that
correction of the optics for the wavelength of each laser was unnecessary.

The fast scan mirror was driven at about 20 Hz by a rotary galvanometer,
G-306, available from General Scanning, Inc. Care was taken to balance the
. mirror and rotor in order to minimize parasitic oscillation of the mirror

assembly. This parasitic oscillation or vibration causes deflection of the
light perpendicular to the direction being scanned by that particular

mirror. Although faster galvanometer scanners are available, the relatively
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conservative rate of 20 Hz was chosen to minimize the problems caused by
vibration and to optimize resolution.

The problem of positioning and focusing the sample, something which is
particularly difficult in the case of UV light, was solved by detecting
light refi~cted back into the system from the sample. Initially, light
from the pinhole goes through the scan system which focuses it onto the
sample. When the system is in focus, the light reflected from the sample
is focused by the system back onto the pinhole, independent of the mirror
positions © and ¢. However, if the system is out of focus, the reflected
light falls outside the pinhole where it strikes a flourescent screen. The
system is brought into focus by adjusting the sample position along the
optical axis until all of the reflected light is refocused back onto the
pinhole.

In order to locate the sample in the beam and to examine the surface
conditions during the measurements, a reflectivity image of the sample can
be obtained and displayed in the coordinate frame of the CRT. A portion
of the light reflected from the sample is directed onto a photocell by a
beamsplitter. The light falling on the photocell comes to focus at a point
which is independent of the same angles 0 and ¢. Current from the photo-
cell, when displayed as Z-axis modulation of a rastered CRT, forms an
image of the sample at the wavelength of the laser source and in the same
coordinate frame as the SSP or the SIP image of the same area.

Both the photermission and the photovoltage signals are detected and
displayed on a CRT screen by the circuitry shown schematically in Fig. 2.

The signal current is detected by a Kiethley 18000 picoammeter which has
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been modified for a fast response; the modification involves a reduc :ion

of the feedback capacitance in each of the two amplifier sections, while
maintaining the stability of the overall system. The signal in the SIP
measurement is the photocurrent, while tk.. signal in the SSP measurement is
the capacitive current induced in the probe electrode by the surface photo-
voltage. The amplitude and dc level of the signal are adjusted and applied
to the Z-axis of the CRT, along with a retrace blanking pulse derived from
the fast scanner. The X and Y axes of the CRT are driven by voltages
pProportional to those directly across the drive motor armatures. Images

of the Z-axis modulated disolay of the SSP or the SIP signal are recorded
photographically.

The measurement apparatus, shown in Fig. 3, includes the scan mirrors,
the galvanometer motors, the reflecting microscope objective, the sample
positioning stage, and the picoammeter. Light, incident on the mirrors
from the right, is deflected onto the two orthogonally mounted s.anning
mirrors by a stationary positioning mirror. From the fast scanned mirror,
the beam enters the reflecting objective lens (Beck 36/.5) which focusses
the light onto the sample. Because of the curvature of the focal plane of
this objective, the overall resolution is noticeably degraded for beam
deflections yreater than *0.5°. In order to extend the useable field of
view, it is necessary to use a refractive plano-objective which is corrected
for flatness of field at the laser wavelength.

The sample is held in position and focused by an X-Y-Z adjustable
hot stage. Signals from the sample are detected by the picoammeter located

behind the hot stage in Fig. 3. The entire assembly is secured to a two
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meter optical bench,

Scanned Internal Photoemission

Scanned internal photoemission (SIP) is a relatively recent
techniquezl_z4 for probing interfaces with a beam of light to produce elec~
tronically an image or replica of the interface contact barrier. Typical
images display a modulation of the internal photocurrent induced by the
scanned beam which is due to a lateral inhomogeniety of the contact bar-ier.
The technique is somewhat analo,ous to scanning electron microscopy (SEM),
except that in this case a light beam is used to excite electron emission
into a dielectric instead of into vacuum. As in the SEM technique, the
emitted current is displayed on the Z-axis of a CRT.

The mechanism of SIP is internal photoemission on a local scale, as
shown in Fig. 4. A scanned light beam of energy Fuw penetrates a trans-
parent29 or semi—transpar&nt3o electrnode and is absorbed in the opposite
e.ectrode where it excites electrons into the conduction band., Some of the
electrons have sufficient momentum normal to the interface so that they are

able to surmount the barrier ¢ and reach the opposite electrode, Near

threshold, the quantum yield for photoemission is

Y = Y(ﬁw—¢)a,

where y is a constant and o is an empirically determined power, typically
in the range 2 to 3. A small percentage reduction in ¢ leads to a relative~

ly larger increase in yield,
ad .
dlln ¥] = m diln ¢ .
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The sensitivity of the SIP technique depends upon the r . .d Increase of
photocurirent produced by a small decrease of ¢ below the =t cueragy v,
For a reasonable image contrast, the laser and any Schottky bac. .~ :.duc~
tion are chosen so that hw is several tenths of an eV above ¢,

The Si--SiO2 interface is an interesting candidate for examination by
SIP imaging, as can be seen in Figs, 5 and 6. Here, the 51-8102 interfaces
have been uriformly coated with about 4 x 10]'2 Na/cm2 by electrodeposition
in order to reduce the interface barrier31 from 4.25 eV down to a level
that is accessible to the He-Cd laser operating at 3.81 eV. Actually, the
sodium acts as a "staining agent," increasing the local photocurrent in
those places where ions accumulate on the interface. Since the sodium
coverage is ir.fluenced by defects, it was found to enhance the SIP contrast
around defects. Fig. 5 shows an interesting pattern of dark spots seen in
the emission from an Si—si2 interface grown on '\:1020 P/cm3 doped (100) si.
These spots, which are about 10 microns in diameter, have been identified
as phosphorous that has segregated onto the Si--sio2 interface during high

32,3
temperature growth 20

3 of the 1000 ; thick 5102. Apparently, sodium that
does reach the Si--sio2 interface is rendered ineffective by chemical combi-
nation with the phosphorous lying within a few atomic layers of the inter-
face.33 These phosphorus islands, cbserved for the first time by the SIP
imaging technique, were found to be correlated with the phosphorcus doping
density in the silicon substrate. Another type of defect on the Si—SiO2
interface is seen in Fig. 7 as a line, about 30 microns long, with .bpvight

spots at either end. The defect, which lies along the <110> crystallo-

graphic direction, is thought to be a stacking fault that has been decorated
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by sodium ions. The contrast of the stacking fault is enhanced by the
sodium decoration,

The SIP technique was also used to study metal-insulator interfaces
such as Nb205-Bi’ which is of interest because of the fast switching found
in this structure. The SIP image in Fig, 7 represents photocurrent emitted

]
from a 200 A Bi electrode into Nb_O

295 The light source was a He-Ne laser

at 1.96 eV, which is close to threshold where the technique is most sensi-
tive. In this system, the contrast mechanism is not simple because of the
large numbur of traps in the Nb205.

Scanned Surface Photovoltage

Photovoltage images show defects that cause minority carrier recombi-
nation on a semiconductor surface. The SSP images have also been found to
show any non-uniform charge in the passivating layer on a semiconductor.

An SSP image is formed by displaying the first or second derivative of the
photovoltage induced by a scanned beam of light on a semiconducting surface.
The travelling light spot produces a comet shaped cloud of minority carriers
which are captured on the slightly depleted surface, as represented in

Fig. 8, Carriers from the moving cloud cover the surface to produce a
photovoltage., When the beam passes over a defect, some of the charge cloud
is lost to recombination, leading to a dip in the photovoltage. This dip is
detected by a capacitively coupled electrode near the surface, and displayed
on a CRT. Since the charge cloud is quite large, on the order of the
diffusion length, the resolution of images produced directly from the photo-

voltage is rather poor. The high resolution25 of the SSP technique is due
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to the use of the first or second derivative of the photovoltage to form

the image. The differentiation accentuates the signal in the region around
the light spot, where the charge cloud density has a logarithmic singularity.
In practice, the first derivative is obtained directly by measuring the
capacitive current induced by fluctuations of the surface photovoltace.

By using conducticn of minority carriers along the slightly depleted
surface, it is possible to obtain SSP images at some distance from the
electrode. The local photovoltage is coupled to the entire suvface by the
slightly conducting surface. In some cases, it is necessary to enhance the
surface conductivity by generating extra minority carriers by a dc blanket
illumination. The resolution of remotely detected images was found to be
reduced if the surface conductivity is too low. Also, in order to develop
a photovoltage signal, the surface must be depleted, either by a blanket
electrode (the electrode can be an aquous solution, as was shown by Lile
and Davis26), or by a surface treatment such as that produced by dry oxida-
tion of p-type silicon.

The signal S' is proportional to a convolution of the excess local
recombination rate R with an experimental sampling function, which is
approximately equal to the x-derivative of the charge cloud density n.

Mathematically,

Gye, § dn(x-x Y )

b
Earot dxdy: dx Ry

S'(x,0y,) "

where G is the total generation rate, § is the effective depletion width,
€ is for the dielectric, and T, if the surface minority carrier life-

time. Ideally, dn/dx would be a singly differentiated Dirac delta function
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and the signal S' would then be proportional to dR/dx. Because of the
finite size of the light spot, however, the resolution is reduced. 1In a
coordinate system centered on the moving spot, a modified diffusion
equation25 is solved to obtain the charge density n in the region around

the scanned spot. The charge density is

=]
f#l

VX
A exp{ 20} KO (xx) ’

where

~
"

and where l(.o is a modified Bessel function of the second kind and D is the
surface diffusion coefficient. The sampling function dn/dx is plotted in
Fig. 9 for several scan velocities, with the reasonable parameters D =
15 cmz/sec ané TO = 0.01 sec. The form of dn/dx deviates little from 1/r
near the light center at r = 0. Based on this simple theory, the resolution
at 1/e is approximately 2.7 times the light spot diameter for singly dif-
ferentiated SSP and nearly 1.0 for the doubly differentiated technique.
Several examples of SSP images, obtained from (100) silicon surfaces,
display the resclution, sensitivity, and comparative advantages of this
relatively simple technique. An SSp image of several clusters of emergent
dislocations which penetrate the (100) surface of a sample are shown in
Fig. 10. The dislocations were produced by mechanically damaging the
reverse side of ¢ silicon wafer, and then annealing it in dry He at 800°C
for 30 min. It is known that such damage will cause dislocations to propa-

gate through to the front surface during high temperature processing.
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Surface defects were also found in SSP images of nominally defect free sili-
con, an example of which is shown in Fig, 11, Here, a semitransparent
blanket electrode was used in order to maximize resolution, The image

shows scratches, some as long as 1000 microns, which are not parallel to a
low order crystallographic direction. Presumably, these scratches were
introduced during the polishing process. Another type of defect, commonly
seen in device grade silicon, occurs throughout the area of Fig, 12, These
small spots are thought to be crystallographic defects associated with pre-
cipitates of oxide or other foreign material. The density of these C=fects
was found to be correlated with oxygen concentration, suggesting that the
defect may be associated with an oxide precipitate. The density was found
to be as high as los/cm2 (within several microns of the surface). A rather
uncommmon surface defect, displayed in Fig. 13, was found cn « device-grade
silicon wafer. It appears to be similar to the surface defects, identified
as microsplits by Schwuttke3s, which are small cracks along the <110> direc-
tion in the silicon surface with stacking faults at either end. Schwuttke
has found that microsplits like that in Fig. 13 are introduced during the
saw cutting of the silicon.

It is interesting to compaie the SSP technique with the useful but
destructive technique of selective etching. A sample was prepared for this
purpose by polishing a piece of saw cut silicon at a 2° bevel off normal to
the (100) surface, The sample geometry is represented in Fig, 14, A sirtl
etch was applied to half of the surface to reveal the saw damage, The
sample was then cxidized and the series of SSP images in Figs. 14 A' -~ D!

were measured. For comparison, Figs. 14 A - D are micrographs of the
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etched surface at points of polish depth equal to that of the equivalent
SSP image. Both the etch pattern and the non-destructive SSP technique
appear to provide the same type of information. However, it is thought
that the SSP measurement is sensitive to sub-surface structure such as

precipitates which may not appear in an etch pattern.

Conclusion

Each of the scanned optical techniques, scanned internal photoemission
and scanned surface photovoltage, has unique capabilities for examining
semiconductor surfaces and interfaces. Photoemission imaging is useful
in determining interface reaction or contamination. However, it is not
amenible to wide use in process control or material evaluation because of
the difficulty of the measurement and the requiremert of a contacting
counterelectrode. On the other hand, photovoltage imaging is a simple,
fast, non-contacting, non-destructive technique that offers reasonable
resolution, about half a micron for a double differentiated measurement at
a wavelength of 3250A. Since scan speed does not degrade resolution, there
is no inherent physical limit on the frame repetition rate. The photo-
voltage technique has been used routinelv to detect stacking faults, dis-
locations, precipitates, gross surface damage, and local insulator charging.

The photovoltage imaging technique SSP has great potential for use in
semiconductor material evaluation and in process control in the production
of semiconductor devices. By observing the defects introduced during the

various stages of production, it is possible to identify and control the
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factors that introduce defects. In the particular case of silicon inter-

grated circuits, both the production and the reliability of the devices

is critically dependenf upcn crystalline perfection of the material which

can be monitored by SSP imaging. The use of photovoltage imaging is some-
what less useful as a research tool than the electron beam analog, as

developed by Bottomsze, because the spacial resolution is cor'siderably

lower.
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SCANNING
MIRRORS

BEAM
SPLITTER

! PHOTOCELL

SAMPLE

Figure 1 Optical system and measurement apparatus for the scanred
optical measurements, Laser radiation is focused trrough
a 50 um pinhole and then deflected by two scanning mirrors
rotating about perpendicular axes., The deflected light fills
the aperture of a microscope objective lens for all deflection
angles 6 and ¢. The system is brought to focus by adjusting
the position of the sample along the optical axis to minimize
| the size of the light spot reflected onto the fluroescent
| screen on the back of the 50-um pinhole, A portion of the
reflected beam is diverted and brought to a =tationary focus
| on a photocell in order to detect a reflectivity image of the

scanned area,
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Figure 2 A schematic representation of the scanned optical system

showing the instrumentation required to obtain SIP and SSP

images. The x and y inputs to the CRT are driven directly by

the voltage applied to the mirror galvanometer motors.
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Figure 3 The optical scanning apparatus showing the scan mirrors,
galvanometer drivers, microscope reflecting objective, sample

positioning stage, and the preamplifier head,
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Figure 4 A representation of the processes involved in scanned internal

pPhotoemission. A small reduction in the effective interface

barrier allows an enba: e photocurrent to flow,
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Scanning internal photoemission images of three samples of
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